QCD with two flavours of massless colour-sextet quarks is considered as a model for conformal/walking Technicolor. If this theory possess an infrared fixed point, as indicated by 2-loop perturbation theory, it is a conformal(unparticle) field theory.
I. INTRODUCTION
The advent of the LHC era has led to renewed interest in extensions of the Standard Model which have a strongly-coupled symmetry-breaking (Higgs) sector. The most promising of these theories are the so-called Technicolor theories [1, 2] . These are QCD-like theories with massless fermions (techni-quarks) in which the Goldstone bosons of spontaneouslybroken chiral symmetry (techi-pions) play the rôle of the Higgs field, giving masses to the W and Z. Such models need to be extended in order to also give masses to the quarks and leptons. Phenomenological difficulties with such models, such as flavour-changing neutral currents which are too large, can be avoided if the fermion content of a candidate (extended)
Technicolor theory is such that the running gauge coupling constant evolves very slowly.
Such theories are referred to as Walking Technicolor models [3] [4] [5] [6] .
Let us consider a Yang-Mills gauge theory with N f fermions in a specified (not-too-large) representation of the "colour" group. The evolution of the coupling constant g in such a theory is described by the Callan-Symanzik beta function β(g) defined by
where µ is the momentum scale at which the running coupling constant g(µ) is defined.
β 0 ,β 1 ,... are given by perturbation theory. For N f sufficiently small, β 0 and β 1 are both positive, the theory is asymptotically free and confining, and chiral symmetry is spontaneously broken. There exists some value of N f above which β 0 (and β 1 ) are negative and asymptotic freedom is lost. Between these two regimes is a range of N f over which β 0 is positive and β 1 is negative. In this range the theory remains asymptotically free, but if this 2-loop beta function describes the physics, it has a second zero which is an infrared (IR) fixed point and the theory is a conformal (unparticle) field theory. There is, however, another possibility. If the coupling becomes strong enough that a chiral condensate forms before this would-be IR fixed point can be reached, the fermions will become less effective at screening technicolor.
β will then start to decrease again, and the theory will be confining in the infrared. There will, however, be a range of µ over which β is small and g evolves only slowly, i.e. it walks.
Since the formation of a chiral condensate which spontaneously breaks chiral symmetry is a non-perturbative process, the boundary between conformal and walking behaviour cannot be determined perturbatively. Lattice gauge theory simulations can enable one to decide 3 between these two options for a theory with a specified gauge group, fermion technicolor representation and N f .
For SU(N) gauge theories, the most promising candidates for walking behaviour have fermions in the fundamental, adjoint, symmetric 2-index tensor or antisymmetric 2-index tensor representations of the gauge group. A good summary of what is known is given in reference [7] . Estimates of the value of N f below which a gauge theory walks and above which it is conformal have been made using various methods , none of which can be guaranteed to capture the full non-perturbative behaviour of QCD-like theories [8] [9] [10] [11] [12] [13] . This has led people to use lattice gauge theory simulations to study this boundary. There have been a number of simulations of QCD with N f fundamental quarks, with N f large enough that conformal or walking behaviour might be expected [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . While progress has been made, the boundary value for N f is still uncertain. Some simulations have been made of SU (2) gauge theory with 2 Dirac flavours of adjoint fermions [30] [31] [32] [33] [34] [35] [36] [37] . While early indications are that this is a conformal field theory, there is still a great deal of uncertainty.
For QCD with colour-sextet (symmetric tensor) quarks, β 1 changes sign at N f = 1 28 125 , and asymptotic freedom is lost at N f = 3 3 10
. Hence only N f = 2 and N f = 3 lie in the domain of interest. N f = 3 is just below the value where asymptotic freedom is lost and is thus expected to be conformal. This leaves N f = 2 as the most likely candidate for walking behaviour. DeGrand, Shamir and Svetitsky have simulated lattice QCD with 2 flavours of colour-sextet Wilson quarks [38] [39] [40] . Their initial results suggest that this is a conformal field theory. Fodor et al. have performed some preliminary simulations of lattice QCD with 2 sextet quarks using domain-wall quarks [41] .
We are performing simulations of lattice QCD with 2 colour-sextet staggered quarks.
Staggered quarks have the advantage over Wilson quarks in having a simple chiral order parameter, and no parameter tuning is needed to find the chiral limit. We are performing simulations at finite temperatures, where the deconfinement and chiral-symmetry restoration temperatures can be used as measures of the scales of confinement and chiral-symmetry breaking respectively. By varying the number of time slices N t we can determine whether these transitions scale as finite temperature transitions or whether they are bulk transitions.
Preliminary results of these simulations were presented at Lattice 2009 [42] .
Our simulations indicate that, whereas for fundamental quarks the deconfinement and chiral-symmetry restoration transitions appear coincident, for colour-sextet quarks these transitions are well separated. Chiral-symmetry restoration occurs at a much weaker coupling than deconfinement. This differs from what is seen with Wilson quarks by DeGrand, Shamir and Svetitsky [39] where the two transitions appear coincident. Such a separation has been reported in earlier simulations with colour-adjoint quarks [43, 44] , and in SU (2) gauge theory with colour-adjoint quarks [45] . Both transitions move to significantly weaker couplings when N t is increased from 4 to 6, which is what would be expected for finite temperature transitions governed by asymptotic freedom. This in turn favours the walking scenario.
In the deconfined region, just above the deconfinement transition, we find 3 states, where for their existence and metastability in simulations using Wilson quarks [46] .
In section 2 we discuss our simulations. Our results are described in section 3. Section 4 presents discussions and conclusions and identifies directions for ongoing and future investigation.
II. LATTICE SIMULATIONS WITH SEXTET QUARKS
For our simulations we use the simple Wilson gauge action
The fermion action is based on the unimproved staggered-quark action written formally as
where
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To allow tuning the number of flavours to values of N f which are not multiples of 4, and to use a positive-definite operator for the transition to pseudofermions, this is replaced with
We use the RHMC algorithm for our simulations in which the fractional powers of the positive-definite Dirac operator are approximated to any desired accuracy by a rational approximation, and each trajectory is subjected to a global Metropolis accept/reject step, thus removing all dependence on the updating increment.
We perform simulations on 8 
estimate of (ψψ) 2 is then given by the average of the (10) estimates which are 'off diagonal' in the noise.
III. RESULTS FROM SIMULATIONS
A. N t = 4
We It is clear that the Wilson Line is very small below β ≈ 5.4, and rises rapidly shortly after this value for all 3 quark masses. This is taken as a signal for the deconfinement transition. It is also clear that chiral symmetry remains broken well beyond this point.
Thus the deconfinement and chiral-symmetry restoration transitions are far apart, unlike what is observed for Wilson quarks, where they appear to be coincident [39] . the direction of one of the complex cube roots of unity. Figure 9 shows the time evolution of the phases of the Wilson Lines at β = 6.4 and β = 6.6 for m = 0.02. We see that the way the transition proceeds is that the fluctuations in the phase become large as β approaches the transition from above until eventually they reach 2π/3 and 4π/3(−2π/3). When this occurs the system spends appreciably more time at these two values that at intermediate is at β ≈ 6.5, while for m = 0.01 it occurs at β ≈ 6.4.
IV. DISCUSSION AND CONCLUSIONS
We simulated QCD with two flavours of staggered quarks at finite temperatures using the RHMC method. Our simulations were performed on 8 3 × 4, 12 3 × 4 and 12 3 × 6 lattices with 3 quark masses, to allow for chiral extrapolations. We find widely separated deconfinement and chiral-symmetry restoration transitions. Both the deconfinement and chiral transitions move to significantly lower couplings as N t is increased from 4 to 6, which is the expected behaviour for finite temperature transitions in an asymptotically free theory. This suggests that the theory is confining with spontaneously-broken chiral symmetry, while being under the control of the weak-coupling asymptotically-free ultraviolet fixed point, i.e. that it walks. We need to understand why we see well-separated deconfinement and chiral transitions with staggered fermions, whereas DeGrand, Shamir and Svetitsky observed these transitions to be coincident with Wilson fermions. Of course, since we are far from the weak-coupling limit, different fermion actions do not have to have the same physics. This is especially true, if we happen to be in the strong-coupling domain, beyond the infrared fixed point of a conformal field theory. Of course, the observation from our simulations that the coupling at each of the transitions is decreasing as the lattice spacing is decreasing would appear to exclude this possibility, since the β function becomes positive above this fixed point.
However, it has recently been suggested that there could be two non-trivial fixed points [47] in such theories. In this case, if we are beyond the second non-trivial fixed point (which would be an ultraviolet fixed point), the coupling would decrease at short distances. Of course, if we are beyond the region where the ultraviolet behaviour of the theory is controlled by asymptotic freedom, drawing any conclusions is pure speculation.
To better understand our results, and to help determine whether the theory is indeed walking, rather than conformal as indicated by the work of DeGrand, Shamir and Svetitsky using Wilson fermions, we are now extending our simulations to N t = 8, where finite lattice spacing effects should be reduced, to see if the deconfinement and chiral-symmetry restoration transitions remain consistent with being finite-temperature transitions. We also plan to perform simulations at zero temperature, measuring the chiral condensate, the hadron spectrum, f π , etc., to test other aspects of the theory which should help us determine whether this theory is conformal or walking. In addition we will try to determine the running of a suitably-defined renormalized coupling. Having two different spatial lattice sizes at N t = 4
showed us that finite size effects are small. We need a second spatial lattice size for N t = 6.
We have learned that the authors of reference [41] are now starting simulations of this theory using improved staggered fermions, which should help resolve these issues [48] .
We are now performing simulations of lattice QCD with 3 flavours of staggered quarks at finite temperature. Since this theory is almost certainly conformal, it is interesting to determine whether its behaviour is qualitatively different from that of the N f = 2 case, and whether our simulations can see this conformality.
